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*x. abjective wetnoo of lor;, ran. . -*o . .v ; r • tj.o 

amounts at la .ter©;. , faiiforria . or x.-q b^tc-faii to ot-ri, ri.. 

season io presented. The s v stem employe one iuO-nb vurticit . :o. t^rao 
sea-level pressure parameters. combined subjectively by a ,rapnic->l 
integration process. The tec: ini ue is applied to forecasts of rain 
eui .iO rain, with the former further specified into one of the three 
uantitative categories: trace - u .15 inches, 0.16 - o . a9 inches, 
and ? 0,50‘ inches • Verification of the scner.e is show: ir rhb for* 

of contingency tables, from wra.cn are computed skUI scores a id the 
percentage of correct forecasts. 
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1. Introductio 



Since nn objective forec^t s’ stem produces a uni ue lor ;c >.c i ' 
i’x-oc a specific set of data, tue ,,oaI of this teenri 'ue is simply 
to eliminate as cany as possible of the subjective elements whica 
enter in’.o it-:* application. This type of forecast is not so .ncr. 
concerned with the source oi hypothetical relationsnips as it is with 
the accuracy and practical value of the forecast ( 1 / . 

V; i the above in mind, this in ve s ti t nor » was contucued oO 
develop an objective sq,3t/en oi xorec astmg the occurrence or n or*-' 
occurrence of precipitation arJ... in tne case of tna - ormer ^ t 
actual aaoarit, et Lontare;^ >,iiio>\.i&, 

ohovnlti-r U) > in \ arious .actors tnau vere 

id. 4 or tan t in quantitative precipitation forecasting and *.ux~i {yj; 
in 1946 „ utilising uhese factors, suggests a tue motnod oi gr^niveu. 
integration for uie development of an objective forecasi-Lig tec. ini k uo » 
rier 1 s method of graphical -uiLogiv.tion is enp loped in *un*s 
investigation al chough with some edifications * Since Brier’s xoi c. > 
there haw been numerous papers on objective methods ox forecasting 
precipi tation ( 4 - 13 ) * 
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2. Data 



a. Tiroes and Location 

with due consideration giver, to tne operational anu military 
use of the proposed forecasts as well a? to the availability of data, 
it was decide* to develop a technique for lorecasting precipitation 
for a twenty-four hour period beginning at lO.X PST at the Naval Air 
Facility, Monterey, utilizing sea-level and 500-fab charts and data. 

The time of tiie pertinent maps available prior to tne beginning 
of the forecast period is 1200 Z (Q4DQPST). However, this map time 
became effective after upril, 1957, thus there existed insufficient 
1200Z data at the beginning of this investigation. Tnerofors, only 
charts prior to April, 1957 were incorporated into the development 
of the objective system. The map times employed are as follows: 
Sea-level 1230Z (043OPST) 

500-ab 1 500Z ( 0 ’ 00P3T ) 

The nine mouths: January , February , .‘.larch, April, fi;> ’"amber, arid 
Decern er, IV 56 ar-.d January, February, and March, 19 in’ were chosen 
to be tne original data period. The six months, November through 
April, comprise the rainy season at Monterey, while during each 
of the other months of tne year, the amounts of precipitation are 
less than 0.n5 inches (14). 

The nine months chosen contain a total of 2- 2 cases of which 
97 are rail, cases. Table 1 is a breakdown of all cases into tne 
following rainfall categories which are used throughor t 'this stud} ; 
u o hair* 

r-0.15 — Tr to o.I„' inches 

0 . Ib-e , 19 v .if inches to C.-.a9 

0.5o- b x. inches me g. cater 

D 



Observed Precipitation { incnes; 



V • r. 
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Rain 


T-0 ,15 


0 .16-0 .49 


0 . 50- 
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31 
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21 
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29 
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30 
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30 
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21 


** 
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31 
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17 
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31 
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28 


lar . , IS , 1 


12 


10 


1 ? 

✓ 




31 




175 


65 


23 
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2” 2 






Tails 


I 






i nu-ibe r of 


cases 


L"; Tour 


observed r 


aiXTiJL all C ci v**- 


e:v 



’ one t lor. of selected ClOXi tiis of tale year c 
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b. Sources 



The monthly cli/natoio^C i 
Lionterey, provided twenty-four 
pressures. The Daily Series , } 



1 records of tno Naval .-Air Facility, 
.racial tailor, amounts an eoa-lev^l 
j„ -.optic .*e«»tasr r t .rt I, o^tucr 



Keuasphera 3e^-Level and o-- d; arc. t art If, Noct,; er i t.A.s . 

Data Tabulations vieve t.ic sources cf so -i-vel .id ydi— -as. v- r rubles . 
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3. Grapruvr.l Int&t.ratiO - 

The tec. mi ue of gr'iph*.c.ii integration as applied to forecast l 
precipitatxox. -Invc-l «3 the selection oi Lndepenaei t, variables which 
un some v;i t are relatsa ^.o t.m- occ. uvs..cs of rain, jcatter uis 0 vams 
of observed piwcipitatxcr. counts are ; lotted as a f'-jactio*. of two 
of tne independent variables. Several observations are grouped into 
cello, at ..nic-i ' joint either of the following methods of analyses any 
oe used; 

1) For ov. sell, tae ratio of the n ur.be r of rain cases to the 
total ui^mbor of cases is computed. Ihis frequency value is plotted at 
the cell's midpoint. Filially, a probability surface is fitted to the 
computed fre nancies by a set cf isolmes. 

2) The arithmetic mean of each cell is com.iated md plotted at 
the cell's midpoint. Then a set of isohyets is fitted to the computed 
means of each cello 

In either case, the graphically-derived variable can be combined 
with another independent variable or with a variable which was 
determined by one of the above methods. This process is repeated 
until only one variable remains . This final variable is then a function 
of all the initial independent variables. 

According to Thompson (13)? 

Tne graphical technique has tne disadvantage of a certain amount 
of subjectivity in the original combination of variables, but this 
is largely outweighed by its relative simplicity as well as the 
fact that it eliminates the necessity for having prior knowledge 
of, or making assumptions regarding the functional relationships 
between the independent variables and dependent variate, a require- 
ment common to all mathematical regression methods. There is no 
laci. of objectivity in the use of tube charts obtaineu from the 
graphical analysis. 



Brier (j,j t in da ori^lnPx studj , ason thirtes* variables but 
Penn ( 12 > only use a lour, vial* .-.elding tne complexity of a weather 
typing system to his technique. Thompson ( a j , employed six 
meteorological variables in hiu objective method., Pour parameters 
are employed 4_n this investigation. 
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Detezviina lu.on of Forecast i'ecani- me 



a, Selection of Variables 

>lS implied in section 3, tne initial problem was tr select 
parameters which pro soma bly are related to 3-. ose uei*t pr c expiration <• 
The following^ variables were chosen considering the dynamics of the 



precipitation process: 

1. ?io< : 

• T? T^a 5 
3* h? €0 ; 

1. & PfAg'f- J- «S ’ 

^--c, ■* 

„ * <S * 

6. V\V\K n.s 0 

7. TT* eo 

3. ^ A\£l> 



Sea-level pressure at Lureka, California, 
at 1230C (0430 P3T) 

A variable proportional to the 500-mb geostrophic 
relative vorticity between iior.tera rf sue a 
point £° of Latitude upstream, as measured 
along tne 500 — mb contour that passes thro ugn 
Monterey at IpOOZ (0700 P3T) 

Sea-level ores sure difference between Monterey 
and eureka at 12302 (0430 PST) 

Sea-level pressure oiffcrence between konuerey 
and Las Vegas, Cava da at 1230^ (0430 STJ 
Space mean height at a point 3° of latitude 
upstream from Monterey, as measured along the 
300-tVib contour that passes through Monterey 
at 1300~ (0700 : ST) 

The 300 -mb heignt at Ledford, Oregon, at 
15Q0*w (0700 PST) 

The 500~mb temperature at Bedford at IXOn 
(0700 ?ST) 

The 500-Lib height difference between Monterey 
ana Ledford at 13002 (0?00 PST) 



9 , 4"T 

10 o OU ^ 3^5 

The absence of 
of tne cora'.dttee on 



<w£0 



The pOO-mb temperature difference between 
Monterey and Ledford at 15002 (0700 POT) 

The 300-nb vertical velocity at Monterey at 



13002 (0700 P5T) 

a ..lOisture parameter is justified by the conclusions 
/.lantitative Rainfall foreensti—g (13) which 



_ dicat 



that as a rule the 



kinematics of eye. tonic circulation 



(ccv.ver. <•: ce a w vertical 'oV v> are . u ore Lr -a. ‘tact i. >*ervh 
.-■s rvn i^t.; 1. t Lonte: ?■ ;re-i •? ar- wi rations tuns" 



bo jrapni; \± Analy sis 

La; "j t» cse 'far table v/a r plotted u . • ...so n c ' *tatj.o. fc 



deter. L. its re L. 1 w. o.i. snip tc tl.". .<• .osequ-. 



O > O -J 



Ti - rti* l?o: • - i 7 '"', . a m «?■ I; because of its 

vurrent r< i' siiiu. !i „ 

T v q first six v r j. » w •? ‘-ids .;' 5 + .e L«st re‘_' tiorjnin *il 

rainfall am juts. Scatter uif.jro; .» ox precipitation , & 3 function 

ox various c**mbinutivhs of t;.esc six v ;'..jle3 , v/ere plot tea. juch 



combinations 


wore; 






1. 


?tUR 


and 


4 - 4 . 


2. 


k P ia v. y ~ C u * 


and 


^ W A\v*. ^ - V 


3- 


7s- 


and 


2S- 


u* 




and 


~ ? 


> • 




and 


VvV\V. rv\EO 


6* 


YW 


and 


tk^hwex- Us 



hach oi the above graphs was analyzed in the manner ae scribed 
by method two in Section 3 , with the following exception: the zero 

line was drawn as the best separation between rain ana no rain eases , 
After careful inspection of all six graphs, two (Figures 1 and. 
2 .) 'were selectea because these analyzed graphs indicated tne best 
separation between rain and no rain cases ano. tne isohyets were 
regular ana yielded a reasonable and explainable pattern. 

The lack of a sufficient number of observations greater than 
0.50 inch ( only 9 out of 97 or approximate!,’ 9i) is the reason for 
the abrupt terudixation of the analysis with tne 0.50 inch iaohyet. 

The use of more months of data v/ould remedy this situation, although 
twenty-four hour precipitation amounts greater tnan 0.50 inch are 
not a common occurrence at konterey (15). 
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c. Relations, 1 ’ a;, of Selected Vnr-iJss to Prccipitatic . 

The relation:*: d,.- of t-;r selected variables to preci. it 4 .aor., a $ 
aeterialaed frev ■ Figures 1 --in a - 2 , ire as f oilers t 

Peo(> : Xi : The sea-level pressure at n.uaka is a measure of 

t-iC central pressure (and hence intensity ) of the stow system 
affecting Monterey, since 'lie normal storm trad for the months in elide 
d-, tnis study is in the vicinity of nureka ( 16 ). hureua's sea-level 
pressure varies indirectly with nontcre,. * 3 precipitation for pressures 
.•veater than 1000 mbs, -lite reaso.-tably indicating. definite eye lord c 
floVf wi+ " 1 ^er "Values of rainfall. Hovievcr, it is to ce no too that 
lor pressures lower tnan 1000 mb 3 the precipitation varies directi 
v id. pressure. At tacse low pressures tnc* local area is lid]; to 0 ® 

•r ead of, at, or „u*t behind the center of '.he system. Thus, v.ese 
tnreo areas, taken together, do not specify a partic Oar relations dp 
•»vit. precipitation. 
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~ Tft - •' i ' The variables g anu 7 ^ can oe considered 
proportioi*al to the 500-mb --sostropuic relative vorticity and have 
been determined in the manner explained iri (17, Id,, Thus, the 
geostrophic relative vorticity: r g/fd 2 f r ^ ^Zq) . 

Considering g/fd 2 as a const, ant, (Ky, f'g is proportional to 

* 

( ^i t 2>2 ^ ^ “ 4Zq,) ' 

Utilizing t da relationship for the particular application at 
hand, M is e a ual to YzA * HencR *Y% is equivalent to the sura 
of 500-ub heights: ancl ^4 at distances: dtp, dj, ana 

d^. respectively, from Lonterey, minus four times tne 500-rib height 
at Monterey: 4 Zq. A similar operation -atemin.es g for a point 
< 3 ° of latitude upstream from Monterey . Phe following sketch 
exemplifies the grid used in this calculation: 



1 




wp 



here 



— t latitude 



cl, — c longitude 



P M r Kc ' tcre i 

a? id P 0 — point h° 

laliwae 
- us iraari f / c • 
1 ., ...turn-' 
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The significance off ^ and 'f f r lie ii. the manner in which 
they are measured. The algebraic sign of the variable (f'g 
can be considered as representative of the algebraic sign of the yOO-mb 
advection of geos trophic relative vorticity at a point half way distant 

between Monterey ar.d the location 8° latitude upstream. Of course, this 

* 

will be true jin general ^oniy if the advection of vorticity along the 
contour between Fg and Py aoes not change algebraic sign. The tvio 
following examples show topical situations schematically: 

Example 1: 

Algebraic sign oi 7g -Yy is representative of the advectior. 
at a point halfway between Py and ?g. 




legend: 

- 500-rnb contour through 

Monterey 

_ _ - isollie of Y A In 
~ hundreds of L leet 

\ >\\ Z lio.beroy 

— p-oL.it S° latitude upstream 
from Monterey 

ft r point 1° latitude upstream 
from- Monterey 
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poner.t ol trie geostrophic vir.d. 

Accor-iing to ihewaioer (2), the sea-level pressure gra-lients are 
:i i;ieasure of inflow iriuc a low pressure sj stern ana hence the lo> - 
level convergence associated, with the sister... 

Precipitation amounts vary direct V with positive values o„ 

EuW -> v, ith the Larger values of the parameter indicate; very, 
well the low-level convergence accompanying strong moist southwest flow 

t Inis is tne sea- level pressure difference 1 etwee;, 
tore,. and Las Vegas. It is a measure of the north-soutr. component 
i u iO ^eostropuic wina, ana indicates associated low-level converge’ v 

3ince stor-r approach the coast from the west, negative values 
of tr.ia variable ought to be associated with asaxiam raiiuall amounts, 
owever, it is reasonable to expoct tnat these values ••.ill oe only 
tli.tJ.itiy negative since large negative values (i.e. large pressure 
aifference betv/eon Monterey and Las Vegas) am likely to cs eyerie. .ced 
ir. connection with strong .southerly winds east of Monterey, even prior 
to the forecast period. When large negative values of tne parameter 
occur, the rain-producing section of tne storm hc.s, very likely, passe-.* 

\t . . 4. - ^ , 



Figure- 1, whic.u is • sc»c T «»r diagram o. e -serve ^ greeny i :. tto*. 

u uk., iotu-j cS n . ,.c P o :d 7#«\ ^ 130 “ s 

of fy, s..ows that .. e -uaxj.uuu- valued isopite'L. occ’ra -j.th low values 
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fje i close 
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Oi 



1 . 



L.^nterey, and .ience ilx.aj.ioie 2 for the ~f% ' 7m parameter applies. It is 



reasonable to expect appreciable rainfall just in advance of the pOo-mb 
trough passage. Further, the figure indicates that as the values of 



Figure 2, which is a scatter diagram of observed precipitation 
amounts plotted as a function of APr,^. eutf ana 
with isohyets of Y^, shows that the maximum value of the isopleths 
is associated with large positive values of A P e u £ and 

slightly negative values of _ U.AS • 

As the values of AP^^y- algebra ically decrease, Afy\^y- ta5 
becomes core positive for maximum precipitation amounts, 
d. Preparation of Final Fox'ecast Graph 

Figure 3 was prepared similar to Figures 1 and 2, using the 
variables Yy and Yp as derived from the two latter figures. Kov.’evor, 
only that data yielding isohyet values of Yy ana Y£ C were U3ed 
as a basis for the construction of the Y^ isohyets in Figure 3* 

From the Y, values obtained for each observation plotted in 
Figure 3, a contingency table (Table 2) of six classes of Y^ and 
four categories of observed precipitation was prepared. 

Table 3> which shows the cumulative frequencies and per cent 
occurrences of the various precipitation categories as a function of 
classes of Y^, was prepared using the data of Table 2. The cumulative 
frequencies obtained in Table 3 were then plotted against the midpoints 
of the various Y^ intervals. Following this, the data were analyzed 
in order to separate the four precipitation categories as shown in 
Figure 4. 
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Table 2 

Table of the number of cases in four observed rainfall categories as a 
function of six classes of 
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Table 3 

Table of the ciurariativ’e fre . nncies of four observed rainfall categories 
as a function of six classes of Y-. . 
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Figure 4- Cumulative percentage frequency of selected rainfall -amount categories as a function of Y 
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Table of probability of four observed, rainfall categories as j 
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scores computed in tuis investigation. 

The skill score can be inter ire ted an the pe.ee rta_.e oi 
correct forecasts over and above tne niftier expects t 
to be correct ne to chance aloae. T..e skill score is 



zero if the number correct is e nal to the tnoor 
expoctec; to be correct, and is o ual to one for 
perfect forecasting. A negative s . .ill score is possit.o- 
if the number correct is less than the number expected 
to be correct. 
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b. Independent Test Data 

(1) Group I 

T j'ee months (November and December, 19,-4 ana npril, 19'’''; •<«,»•* 




nap times as the original data. The objective teclini- t.e developed 
earlier was applied and Tables 7 and <3 are the results. 

In comparing the original data (Table 5) witri tne independent 
test -data (Table 7), with respect to the four quantitative precipitation 
categories, the results are similar: 



Original Data 



Iiidepencttrut Test Data 
Group I 



Per Cent Correct 74 



Civil! Score 



a comparison of tne original iata (Taolt c ) ’-i‘h f ne ir.nependeih 
test data (Table 3), with respect to the rain and no-rain categories. 



yields the following similar results: 



Origins, 1 Data 



Independent Test Data 
Gro up I 



Per Cent Correct 



Skill Score 



65 

0.67 



2b 



Inna. encteut ;- st Data 

(?) Gtonp li 

Since ApP..x, j. 957, b'e ’yl'iis of ot,n tns .-.e - 1 < 3 ’ el t ; • oO-.', 
aiaps have been 1200*- (O 40 O t T j a? coav-rcd to v:r ti.ed for tne 
original data In order + o ascertain die 1 ea 3 a. 0 ii.itv oi -fpltc tior, 
oi this oL^ective technique to current maos, the tenths ot Feoru^r;: 
and March, 1953 .vere chosen ns a second set of i; cependeut test data. 
Contingency Tables 9 ana 10 are tr.e results. 

The comparison of Table 9 to Taoleo 5 ana 7, for .he four 
categorical forecasts, shows taw follow iru: 

Original data Independent Test uata L* dependent Tost ot a 

Group I Gro v II 

Per Cent. Correct 74 71 . 51 

Shill Score O. 5 O 0.42 v,?i 

From the above, ot r; notes tne relatively Ion values, bott i 
per cent correct and s. ill score, of the current independent test 
data. These lower values can be attributed partly to the tiire-3 
nour difference in the vorticity variable, and parti;,' to the fact 
that the particular months chosen were very anomalous in the 
percentage of aays v;itu rain. 

however, comparing the results of the rail auu no-rain fort •; ■ - r 3 , 
(Tables 6 , d, and iu), the three verifications are .ore .omogenec ,s 
witn respect to tne per cent correct and a .111 score, as .indicat’d 
below : 

Original uata Inaepe..de.nt Test Data Inuepur.de.ot Test >, . a 

Group I Group II 

Per Cent Correct 35 C5 _Q 

Skill Score Q.c? o. 0 
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Observed, rrecipitation (inches, 
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i’er Cent Correct: 272 
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Table 5 



Contingency table snowing verification of objective forecasts (to 
categories; for original data (tan. tkrougn Apr., -ov., Jcc., 1 1 1 
Jan. through liar . , 19 57 ; • 
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Table 



Contingency table show! ir rerificatic oj. ' -’.ctlve ore casts 
(rain and no rain; for ori ,L.ax data (-‘a* r >; * . <•• . 

19 S' , t~rur,j' kar-, t-? ' 



Observed Precipitation (inches) 



Forecast 



to Ha in 
No Rain 54 



Precipitation T-0.15 
(inches) 

0.16-0.49 
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1-0.15 0.I6-O.49 0.50" 
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Per Cent Correct: - _ 71$ 
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Table 7 

Contingency table showing verification of objective iorecaats (io^ 
categories) for independent test data (i ov . and. Deo., 4> n P r . < •* • 
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Table 8 

Contingency table showing verification cf o „ect.ive jq.-’oio.j 
( rain and no rain) for independent test note (--ov. n -u nee , ■*<- - 
Apr., 1957/. 
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Observed Precipitation (iiicnce; 

Ho Rain T-0.15 0.16-0.49 0 , 50 - 



Forecast 

Precipitation ^ 
(inches) 



Mo Rain 10 5 

T-0.15 3 13 

0.16-0.49 3 

0.50- 3 
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13 



24 



16 



Per Cant Correct! 



Skill Score 



55 



31 - 5US 



-0.24 



Table 9 



Contingency table showing verification of objective forecasts (iou* 
categories) for independent te3t data (Feb. andkar., 1956). 
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Table 10 

Contingency table showing verification of objective forecasts 
(rain and no rain) for independent test data (Feb. and Mar., 19 5&) • 
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Co^ci .sions 



ks the results clearly x. die, t*, & A*parat*o> > taxa 

and .iO-r.) In cases car be cor- si'Jfired as good, as or oetter ria. 
subjective methods. So .sides being correct approximately Si per cent 
of the tiue , there is e considerable amount of skill involved. 

Moreover, if rain is forecast., the probability for tne occurrence 
or a given amount of precipitation can be obtained. Sven tno •gh f -h« 
rea «lts Ox the verifications of the -in r [trees itatio r r?te ntun - u ~ 
v'./..3rhxt less than the rain or io-rai • fo-oostx, a r >xr^ ail~s. io- 
i crocus* is Import*** for industrial., a.ric ’ tturol.. and .. Hilar; 



. i jo rations; * 



It us apparent t..at in foret »■*. •; dar, er preci.-it' tio” 
v i. , : raster than 0*50 inches',, this system n«ens iaprovev-A. 
owever nreli.tu-.ary attempts to reuody t- is oit»Ux • axle a. 

H ,,j v riab-Le , Y was plotted against observe., pr-c .'f —or wit- 
ertioos of fitting a regression line to correct .■ u; u. d.r~ 
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■;c-'-.dsues Uit j in other localitlu*. - x3 c ' ; ' '■ * e rea0 -‘ 

Ls referred to (i }') * 



;ie'jo*uxn.i i -^.Oi.5 for r u . 



ioar .. 



The lolloping are suggestions, v,;.ich could * b 4 j-j'X'u - 
tills investigation oecaL.sc cu trie iij.'j.tationo : 



a. Tne number of variables incorporated in trJLs objective 

system should ue increased to ernanoe tat 'oreo ■ accu; ac . It is 

% 

oelieved that a low- tropos onere tempera t .re parameter, *3 a met - ,_re of 
air-mass stability, .’ouIu guve better resilts in fore cast in" the 
rainfall cnt 9 gor? G.yQ Inches. Also, a .it-, a sure of the locality’s 



proximity to tne ^et axis ri yf increase the accurac y of t 
method, In fact, a number of parameter s . .ve 11-c or re la te d 
precipitation, could be included in this system. 

b. The amount of ori 0 inal data should bo increased a 
too, <ould probably lead to better results in the largest 



ne objective 
with 

■a i this, 
.aim" all 



ate" cry. 

c. An investigation should be carried out to determine tne effects 
of applying current vi.e. 12QGZ) map3 to tne ob 0 ective iretnod. In 
particular, the fact that the vorticity difference on current naps 

is taken three hours earlier than that for the original data may have 
a significant effect on the results. 

d. A 3 an alternative to c. above, this objective method could be 
redeveloped with current observations when sufficient data is available. 

e. The verifications of the months of February ana March, 1958 
suggest the extreme departure of rainfall from normalcy as a possible 
correction factor to increase the forecast accuracy of the largest 
precipitation category. This may be checked further as adequate 
records are now becoming available for thus locality. 



*The Aerology Department, U. S. naval rostgraauate gchool, is currently/ 
conducting a program of collecting .daily' ralifall uata from a u. under 
of local observation points marnea ny "olunueer ocservers. 
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f. An area-averaged precipitation amount wonlu. be of considerable 
importance since a recent, study (15) has indicated that rainfall at the 
Naval Air Facility, Monterey, is 15 % below the average for the Monterey 
Peninsula . 

g. The forecast period should be extended eventually to cover 

% 

a 36 - and possibly a i+S-hour period. 
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